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Hyperosmotic stress can adversely affect fish immunity, but little is known about the 14 
histological and transcriptomic responses of immune organs in fish in a hyperosmotic 15 
environment. This study evaluated the effects of long-term hypersaline conditions 16 
(16‰) on the growth, histology and transcriptomics of the two main immune organs, 17 
the spleen and head kidney, in Nile tilapia Oreochromis niloticus relative to those 18 
reared in freshwater for eight weeks. No differences in weight gain and specific 19 
growth rate were found between fish reared under these two salinities. Hyperosmotic 20 
stress induced a congestive or enlarged spleen. Platelet- and coagulation-related gene 21 
expression was significantly decreased in tilapia at 16‰. The red cell distribution 22 
width and value of the mean corpuscular hemoglobin were significantly greater in fish 23 
at 16‰ salinity than in control fish in freshwater. A large volume of 24 
melano-macrophages in the spleen and pigment deposition in both the spleen and 25 
head kidney were observed in the histological sections n fish at 16‰ salinity. 26 
Transmission electron microscopic results showed abnormal macrophages with 27 
deposition granules in the spleen and head kidney ad more neutrophils in the head 28 
kidney of fish at 16‰ than in control fish. In total, 772 and 502 genes were annotated 29 
for significantly different expression in the spleen and head kidney, respectively, and 30 
corresponded to five and one significantly changed immune system pathways, 31 
respectively. The complement pathway in the spleen was significantly down-regulated 32 
at 16‰. This study indicates that long-term exposure of Nile tilapia to a hyperosmotic 33 
environment can induce splenomegaly, reduce coagulation function, enhance 34 
phagocytic activity and down-regulate the complement pathway in the spleen. The 35 
spleen is a more sensitive organ for immune responses to chronic ambient salinity 36 
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1. Introduction 40 
Immune ability in most vertebrates comprises both innate and acquired immunity. 41 
In teleost fish, the head kidney and spleen are the two largest lymphoid and 42 
immunocompetent organs [1, 2]. The main cells in the head kidney are macrophages, 43 
which aggregate into melano-macrophage centers (MMCs), and lymphoid cells, 44 
which are found at all developmental stages and mostly exist as B cells [3]. The 45 
spleen contains a system of splenic ellipsoids, MMCs and lymphoid tissue with a 46 
positive function in phagocytosis and the capture of antigens [4]. The head kidney and 47 
spleen have a hematopoietic function equivalent to erythropoiesis in the bone marrow 48 
until adulthood [3, 5]. Physiological and structural changes usually occur in these two 49 
organs in teleost fish under environmental stress. Exposure to cadmium chloride 50 
(20.93 mg/L) for 120 h can cause significant changes in MMCs and free macrophages 51 
in the spleen and kidney of Oreochromis mossambicus [6]. A high temperature 52 
together with pre-exposure to 5 µg/L cadmium increases the lipid peroxidation levels 53 
in the spleen of zebrafish [7]. The relative spleen w ight and spleen lysozyme activity 54 
are decreased, and total immunoglobulin expression i  increased, in the Eurasian 55 
perch Perca fluviatilis after acute stress exposure for 72 h [8]. Exposure to endosulfan 56 
reduces the relative spleen weight and spleen cell viability but increases macrophage 57 
activity in the spleen of Oreochromis mossambicus [9]. However, no research has 58 
used a combined approach of histology and transcriptomics to investigate the immune 59 
response of the spleen and head kidney to ambient str ss in teleost fish. 60 
As one of the important environmental factors, salinity directly affects the 61 
physiological status and immune function of aquatic organisms. The complexity of 62 
estuarine water and regional variation make water salinity unpredictable and bound to 63 















mossambicus, acute hyperosmotic stress can increase phagocytosis, re piratory burst 65 
activity and humoral immune reactions in the spleen and head kidney [11]. Similarly, 66 
salinity stress can enhance immune responses in thekidn y of the striped catfish 67 
Pangasianodon hypophthalmus [12]. The blood parameters of teleost fish are also68 
important indicators to detect abnormalities related to environmental stress and 69 
disease [13]. Ambient salinity also influences hematology in many fish species such 70 
as the great sturgeon Huso huso [14], cobia Rachycentron canadum [15] and 71 
Notopterus notopterus [16] and shortnose sturgeon Acipenser brevirostrum [17]. 72 
Meanwhile, chronic salinity stress can increase susceptibility to microbial infection in 73 
striped catfish [18] and streptococcus infection in N le tilapia Oreochromis niloticus 74 
[19]. However, little is known about the fundamental immune response of immune 75 
organs to long-term salinity stress in teleost fish. 76 
Nile tilapia is one of the most important commercial freshwater fish in aquaculture 77 
worldwide due to its fast growth rate, relatively low production cost and high 78 
tolerance to adverse conditions. The tolerance of a wide range of salinity makes it an 79 
important species in brackish water aquaculture [20], and it has become a model 80 
species to study salinity adaptation in aquatic organisms. However, Nile tilapia in 81 
brackish water have shown lower immunity and higher disease susceptibility than in 82 
freshwater and result in disease outbreak and metabolic disorder [19, 21, 22]. Previous 83 
research has mostly focused on the aspects of growth, an ioxidant status, 84 
osmoregulation and feed utilization of Nile tilapia during salinity adaptation, and few 85 
studies have concerned autogenous immune responses in immune organs that are 86 
fundamental to overcome the poor performance of Nile tilapia in brackish cultivation. 87 
Therefore, as a good model for salinity adaptation, the understanding of the immune 88 















provide a theoretical reference and a practical guideline for a variety of euryhaline 90 
teleost fish in scientific research and aquaculture op rations.  91 
In the present study, the growth performance, hematology, histology and 92 
transcriptomics were analyzed to evaluate the comprehensive response of the spleen 93 
and head kidney in Nile tilapia between freshwater nd hyperosmotic environments. 94 
The results of this study will provide an in-depth understanding of the immune status 95 
of immune organs in a euryhaline fish under long-term salinity stress.  96 
2. Materials and methods 97 
2.1. Experimental fish and conditions 98 
The sex-reversed all-male Nile tilapia juveniles were obtained from a private 99 
hatchery in Shenzhen, Guangdong, China. After one-we k acclimation in tanks (300 L) 100 
at the Biological Station of East China Normal University, the tilapia were randomly 101 
assigned to six glass tanks (200 L) at a density of 18 fish per tank. Three tanks were 102 
filled with freshwater, and the salinity in the other three tanks were gradually 103 
increased to 16‰ at a daily rate of 4‰ by adding sea salt. After the salinity reached 104 
the target value, the experiment was initiated with 18 fish (6.41 ± 0.09 g) in each tank 105 
(200 L) for 49 days. During the trial, tilapia were fed to satiation with a commercial 106 
diet (32% protein and 4% lipid, TONGWEI CO., LTD, Sichuan, China) twice daily 107 
(0800 and 1500 h). One hour after feeding, the uneate  diet was removed by siphon 108 
and the daily water exchange rate was 30% of the tank volume. The incoming fresh 109 
water and brackish water were aerated thoroughly before ntering the water 110 
recirculation system. The photoperiod was maintained at 12 h light and 12 h dark, and 111 
water-quality parameters were monitored. During the w ole trial, the dissolved 112 















was <0.05 and water temperature averaged 27 ± 2 °C. 114 
2.2. Sample collection 115 
At the end of the trial, all fish were anesthetized in 30 ppm MS-222 and then were 116 
counted and weighed for survival, weight gain and the specific growth rate. The blood 117 
of three fish was individually sampled from each tank randomly by caudal sinus 118 
puncture with a 1-mL plastic syringe and then was tr nsferred to 1.5-mL tubes coated 119 
with lithium heparin as the anticoagulant for hematological determination. Five 120 
spleens from each tank were weighed, corresponding to the body weight of each fish. 121 
The spleen and head kidney were quickly dissected and then were frozen in liquid 122 
nitrogen for transcriptomic analysis. The spleen and head kidney were cut into small 123 
cubes and were fixed in 4% paraformaldehyde and 2.5% glutaraldehyde for histology 124 
assay. The animal ethics protocol was approved by the East China Normal University 125 
Experimental Animal Ethics Committee (No. F20140101). The weight gain and 126 
relative spleen weight were calculated as follows: 127 
Weight gain (WG, %) = [final weight (g) - initial weight (g)] /initial weight (g) × 128 
100 129 
Specific growth rate (SGR, % day-1) = [ln(final weight) - ln(initial weight)] /days 130 
× 100 131 
Relative spleen weight (RSW, %) = (wet spleen weight) /(wet body weight) × 100 132 
2.3. Hematological assay 133 
The white blood cell count (WBC, 109/L), red blood cell count (RBC, 1012/L), 134 
hemoglobin (HGB, g/L), hematocrit (HCT, %), mean corpuscular volume (MCV, fl), 135 
mean corpuscular hemoglobin (MCH, pg), mean corpuscular hemoglobin 136 















(PLT, 109/L), mean platelet volume (MPV, fl), platelet distrbution width (PDW, fl) 138 
and plateletcrit (PCT, %) were investigated using a automated hematology analyzer 139 
(BC-2800vet, Shenzhen, Mindray Bio-Medical Electroics, China). 140 
2.4. Paraffin sections of the spleen and head kidney 141 
The excised spleen and head kidney samples were fixed in paraformaldehyde (4%) 142 
for 24 h. The fixed spleen and head kidney were then dehydrated in ascending 143 
concentrations of alcohol and cleaned in xylol, followed by vacuum-embedding in 144 
paraffin. The embedded spleen and head kidney were sectioned with a rotary 145 
microtome at 5 µm. The tissue slices of the spleen and head kidney were stained with 146 
hematoxylin and eosin (HE). The stained sections were analyzed using the BX51 147 
system (OLYMPUS, Tokyo, Japan), and digital images w re taken using Image-Pro 148 
plus 6.0. 149 
2.5. Transmission electron microscopic observation 150 
For transmission electron microscopy (TEM) analysis, the spleen and head kidney 151 
were fixed in glutaraldehyde (2.5%) for 3 h and then were washed three times with 152 
phosphate buffer (pH 7.4). Tissues were post-fixed n 1% osmic acid (0.1 M 153 
phosphate buffer, pH 7.4) at 20 °C for 2 h and then w re washed with the same buffer 154 
and method. Dehydration was conducted using an ascending series of ethanol 155 
solutions (50%, 70%, 80%, 90%, 95% and 100%) and acetone (100%) before transfer 156 
to a 1:1 mixture of acetone and 812 embedding medium (90529-77-4, SPI, West 157 
Chester, PA, USA) for 3 h. Penetration occurred overnight in a 2:1 mixture of acetone 158 
and 812 embedding medium and for 6 h in the 812 embedding medium. The 159 
specimens were transferred into gelatin capsules containing the embedding medium 160 















48 h at 60 °C. Ultrathin sections were cut at 60-80 nm using a Leica ultramicrotome 162 
(EM UC7, Leica Microsystems, Germany) and a diamond knife on an Ultra 45 °C 163 
(Daitome AG, Nidau, Switzerland). Sections were stained with both uranyl acetate 164 
and lead citrate for 15 min to observe the ultrastructure using a transmission electron 165 
microscope (HT7700, Hitachi, Tokyo, Japan). 166 
2.6. RNA extraction, transcriptome library preparation and Illumina sequencing 167 
Total RNA was extracted from the spleen and head kidney with three replicates 168 
using TRIzol ® Reagent according to the manufacturer’s instructions (Invitrogen), 169 
and genomic DNA was removed using DNase I (Takara, Japan). The quality and 170 
quantity of total RNA were assessed using a Nano Drop 2000 spectrophotometer 171 
(Thermo, Wilmington, DE, USA). 172 
  The RNA-seq transcriptome library was prepared following the TruSeqTM RNA 173 
sample preparation kit from Illumina (San Diego, CA) using 1 µg of total RNA from 174 
the spleen and head kidney, respectively. Messenger RNA was isolated according to 175 
the poly A selection method using Oligo (dT) beads nd then was fragmented using 176 
fragmentation buffer. Double-stranded cDNA of the two tissues was synthesized 177 
using a SuperScript double-stranded cDNA synthesis kit (Invitrogen, CA) with 178 
random hexamer primers (Illumina). T4 DNA ligase buffer was used to end-repair the 179 
double-stranded cDNA. A single (A) was added using Klenow buffer. 180 
Adaptor-modified fragments were selected by gel-purification, and PCR amplification 181 
was performed for 15 cycles. After being quantified by TBS380, the paired-end 182 
RNA-seq sequencing library was sequenced using Illumina HiSeq 4000. The SRA 183 
number for data uploaded into NCBI is SRP132530 for head kidney and SRP132531 184 
for spleen.  185 















The high-quality trimmed sequences were used for further mapping to the tilapia 187 
genome (GenBank accession No. 8126) with Hisat 2. To identify differential 188 
expression genes between the two different treatments in two tissues, the expression 189 
level of each transcript was calculated according to the fragments per kilobase of exon 190 
per million mapped reads (FRKM) method. RSEM 191 
(http://deweylab.biostat.wisc,edu/rsem/) was used to quantify gene abundance. 192 
Differential expression analysis was conducted using R statistical package software 193 
EdgeR (Empirical analysis of Digital Gene Expression in R, 194 
http://www.bioconductor.org/packages/2.12/bioc/html/edgeR.html). KEGG was 195 
performed for functional-enrichment analysis in them tabolic pathways at 196 
Bonferroni-corrected P ≤ 0.05 compared with the whole-transcriptome background. 197 
KEGG pathway analysis was carried out using KOBAS 198 
(http://kobas.cbi.pku.edu.cn/home.do). 199 
2.8. Statistical analysis 200 
  Statistical analysis was carried out using SPSS statistics 20 (IBM, Armonk, NY, 201 
USA). All data are presented as the means ± standard error (SE). The results were 202 
subjected to check for normality and homogeneity of variance by Levene’s equal 203 
variance test. Independent sample t test was performed to examine significant 204 
differences between two treatments. P-value less than 0.05 was considered 205 
statistically significant and marked as “*”; those tr atments less than 0.01 were 206 
marked as “**”. 207 
3. Results 208 
3.1. Growth performance 209 















water. The RSW of tilapia in brackish water was signif cantly higher than that in 211 
freshwater (P < 0.05). Tilapia under the two ambient salinities both showed 100% 212 
survival (Table 1). 213 
3.2. Hematological parameters 214 
Significantly higher MCV (P < 0.01) and MCH (P < 0.05) were detected for tilapia 215 
in brackish water than for those in freshwater (Figure 1). Tilapia in freshwater showed 216 
significantly higher MPV (P <0.01) and PDW (P <0.05) than those in brackish water 217 
(Figure 2). No significant difference was found in other hematological parameters 218 
between the two ambient salinities. 219 
3.3. Paraffin sections of the spleen and head kidney 220 
Erythrocytes were increased in the spleen section wth a significant reddish color in 221 
brackish water than in freshwater (Figure 3-A, C). The spleen of tilapia in brackish 222 
water showed significantly more macrophages and a larger volume of 223 
melano-macrophage centers (Figure 3-B, D). The deposition of pigments such as 224 
melanin in both the spleen and head kidney of tilapia was more conspicuous in 225 
brackish water than in freshwater (Figure 3-B, D and Figure 4-B, D).  226 
3.4. Transmission electron microscopic observations 227 
Ambient salinity exhibited no significant influence on the lymphocyte ultrastructure 228 
in both the spleen and head kidney (Figure 5-B, D and Figure 6-B, E). In brackish 229 
water, macrophages showed a chaotic ultrastructure and more secondary lysosomes 230 
and debris (Figure 5-A, C and Figure 6-A, D). Neutrophils were significantly 231 
increased in the head kidney of tilapia in brackish water compared with tilapia in 232 
freshwater. 233 















A total of 320.52 million reads were obtained, including 61.16, 55.49 and 51.02 235 
million reads from control spleens, respectively, and 50.50, 56.32 and 46.03 million 236 
reads from spleens of tilapia under salinity stress, re pectively. After the filtering, a 237 
total of 314.15 million reads (98.01% of total reads) were used for downstream 238 
transcriptome assembly, which contained 60.03, 54.11 and 50.02 million reads from 239 
control spleens, respectively, and 49.52, 55.25 and 45.22 million reads from spleen of 240 
tilapia under salinity of16, respectively. In total, 27,088 genes were annotated, and the 241 
expression levels of 772 genes were significantly different in the spleen between 242 
brackish water and freshwater (P < 0.05). Among these 772 genes, 398 genes were 243 
up-regulated, and 374 genes were down-regulated in brackish water compared with 244 
that in freshwater. 245 
Twenty pathways were significantly changed (P < 0.05) in the spleen using the 246 
Kyoto encyclopedia of genes and genome database (KEGG) (Table 2). Five pathways 247 
were categorized into the immune system, containing complement and coagulation 248 
cascades, antigen processing and presentation, natural killer cell-mediated 249 
cytotoxicity, intestinal immune network for IgA production and hematopoietic cell 250 
lineage involving 25 significantly changed annotated g nes in these five immune 251 
pathways (Figure 7). Among those pathways, the comple ent and coagulation 252 
cascade pathway showed an overall down-regulation by chronic salinity stress in the 253 
spleen (Figure 8). 254 
3.6. Transcriptomics of the head kidney 255 
  A total of 318.79 million reads were obtained, including 53.23, 51.27 and 55.83 256 
million reads from control head kidneys, respectively, and 53.71, 55.91 and 48.84 257 
million reads from head kidney of tilapia under salinity stress, respectively. After the 258 















downstream transcriptome assembly, which contained 52.23, 50.36 and 54.78 million 260 
reads from control head kidneys, respectively, and 52.58, 54.58 and 47.88 million 261 
reads from head kidney of tilapia under salinity stre s, respectively. In total, 27,088 262 
genes were annotated, and the expression levels of 502 genes were significantly 263 
different in the head kidney between fish in brackish water and freshwater (P < 0.05). 264 
Among these 502 genes, 266 genes were up-regulated and 236 genes were 265 
down-regulated in tilapia in brackish water compared with those in freshwater. 266 
  Thirteen significantly changed pathways (P < 0.05) were obtained, including one 267 
immune system (antigen processing and presentation) involving two significantly 268 
changed annotated genes (Table 3) (Figure 7). 269 
4. Discussion 270 
The relative spleen weight describes the relative siz  of the spleen to the body size 271 
and is an indicator of immune activation [23]. In our study, Nile tilapia in brackish 272 
water showed significantly higher RSW than in freshwater. Meanwhile, more red 273 
blood cells were detected in the spleen of fish in brackish water, indicating that 274 
long-term salinity stress can induce splenomegaly, which reflects active erythrocyte 275 
production in the spleen. Similarly, the infection f Nile tilapia by Vibrio vulnificus in 276 
a low-salinity environment could induce splenomegaly along with congestion and 277 
infiltration of epithelioid cells [24]. At a high water temperature (33 °C), 278 
splenomegaly is more frequently seen in gilthead sebream Sparus aurata than at a 279 
low temperature (25 °C) [25]. Environmental alterations can lead to an increase in the 280 
spleen volume, permitting the organism to maintain its organic functions in a balance 281 
although numerous chronic diseases may also occur [26]. Therefore, in our study, 282 















stress. Blood is a patho-physiological indicator of b dy health, and the hematological 284 
parameters give an indication of any abnormality under environmental stress [27, 28]. 285 
In our study, MCV and MCH were higher in the blood of fish in brackish water than 286 
in freshwater. Spleen is a vital organ for hematopoiesis and immunity, and red cell 287 
numbers increased significantly in spleen of tilapia under hyperosmotic stress by HE 288 
staining in our study. Therefore, this change in hematology may be associated with the 289 
adjustment of hematopoiesis and immune function in the spleen during chronic 290 
salinity stress [29]. 291 
Coagulation cascades were significantly changed by ambient salinity in the 292 
transcriptomics analysis of the spleen given the important role of the spleen in 293 
hemostasis [30]. The gene expression levels of coagulation factor 1Xb, coagulation 294 
factors II and V, serpin peptidase inhibitor clade C/D, fibrinogen alpha/beta/gamma 295 
chain, protein Z/C, plasminogen and plasminogen activ tor were significantly 296 
down-regulated in the spleen of Nile tilapia in brackish water compared with those in 297 
freshwater. The decreased expression of coagulation-related genes in the spleen of 298 
brackish water means the attenuation of blood clotting function or dissolution of 299 
blood clots [31]. Platelets play a major role in the regulation of hemostasis, and their 300 
activation results in platelet aggregation at the injury site [32]. Furthermore, our study 301 
shows that the low coagulation function in the spleen reduced the contents of PLT, 302 
MPV, PDW and PCT. The overall down-regulation of plate et indicators suggests that 303 
blood coagulation is significantly impacted by chronic salinity stress in Nile tilapia. 304 
Similarly, chronic hyperosmotic stress can also deplet  the number of thrombocytes in 305 
striped catfish [33]. In our study, although the growth performance and survival of 306 
Nile tilapia were not significantly influenced by ambient salinity stress, the immune 307 















Cytologically, the spleen is a lymphatic gland and is very rich in 309 
melano-macrophages to aid phagocytosis in the immune response. Numerous 310 
melano-macrophages can form clusters and become melano-macrophage centers [34]. 311 
In our study, the spleen of Nile tilapia in brackish water assembled a large volume of 312 
melano-macrophage centers with more deposition of pigments, including lipofuscin, 313 
melanin and hemosiderin. In addition to salinity, sarvation can also induce the 314 
deposition of melano-macrophages in the organs of different fish such as dogfish 315 
Carassius auratus, rainbow trout Oncorhynchus mykiss and olive flounder 316 
Paralichthys olivaceus [35-37]. The function of melano-macrophages in teleosts are 317 
similar to that in human macrophages to metabolize toxic and waste substances and 318 
perform immune functions in hematopoietic tissues [38]. The increase in macrophages 319 
and pigments corresponds to the change in the pathological and physiological 320 
conditions in fish [36, 39]. The change in the number and volume of 321 
melano-macrophage centers in the spleen of fish is related to environmental stress and 322 
tissue catabolism [40]. The development of any adventitious melano-macrophage 323 
centers is also related to chronic inflammatory lesion  [41]. IL-1β and cox-2 are two 324 
key mediators of the inflammatory response [42, 43]. In the present study, when Nile 325 
tilapia were stressed at 16‰, the mRNA expression of i terleukin-1 beta (IL-1β) and 326 
cyclo-oxygenase 2 (COX-2) in the spleen were significantly higher than those in 327 
freshwater. This indicates that high salinity can trigger the immune response and 328 
inflammatory reaction in the spleen of Nile tilapia. Similarly, the histologic section 329 
also showed obvious melanin deposition in the head kidney.  330 
Macrophages can be enlarged by active phagocytosis of heterogeneous materials, 331 
such as cell debris, pigments, and neutral mucopolysaccharide [37, 44]. TEM analysis 332 















ultrastructures of macrophage that include large and irregular lysosomes and 334 
deposition granules as a result of active phagocytosis. Similarly, a study on brown 335 
trout Salmo trutta transferred from freshwater to seawater shows an increase in the 336 
phagocytic activity of head kidney leukocytes [45]. Neutrophils play a crucial role in 337 
the generation of immune responses in fish due to the activation of a non-specific 338 
immunity mechanism [46]. In our study, the number of neutrophils in the head kidney 339 
of Nile tilapia in brackish water was significantly increased compared with that in 340 
freshwater. At the infection sites, endothelial cels capture bypassing neutrophils 341 
through the endothelial cell lining where the neutrophils are activated for subsequent 342 
interaction with microbes [47]. The increase in neutrophils in the head kidney in 343 
brackish water indicates the enhanced ability against pathogen infection. Our results 344 
suggest that long-term hypersaline stress can induce some damage and inflammation 345 
in the spleen and head kidney, although a significat impact on growth performance 346 
of Nile tilapia was not detected. 347 
Transcriptome analysis in the spleen showed that chronic salinity stress induced 348 
five significantly changed pathways of the immune response. The complement and 349 
coagulation system shows several interconnections due to the common role in innate 350 
defense against external threats [30]. In our study, the mRNA expression levels of 351 
complement 3, 5, 8 and 9 were all significantly down-regulated in brackish water 352 
compared with those in freshwater. A high level of c mplement activation is usually 353 
produced during blood clotting [48]. Complement activity can also modulate the 354 
aggregative properties of platelets [49]. The decrease in complement, coagulation and 355 
platelets indicates a decline in the immunity of Nile t lapia in brackish water. In 356 
another study, acute exposure of tilapia to saline water resulted in the increased 357 















decreased at 4 h and 8 h [50]. Similarly, after acclimation at low salinity for 100 days, 359 
the alternative complement activity in the gilthead seabream was significantly lower 360 
than the control group in sea water [51]. The effect on the humoral innate immune 361 
parameters by ambient salinity differed over acclimat on time. In addition to the 362 
complement pathway, antigen processing and presentation pathway, as well as natural 363 
killer cell-mediated cytotoxicity pathway, the intes inal immune network for IgA 364 
production and hematopoietic cell lineage were alsosignificantly changed. Compared 365 
with the spleen, the immune response in the head kidney of gene expression was less 366 
conspicuous. Only one immune pathway (i.e., antigen processing and presentation) 367 
was significantly changed by salinity stress. Cathepsin L is a typical cysteine 368 
proteinase found in lysosomes and is considered to play an important role in 369 
cathepsins B and H in the degradation of both endogen us and exogenous proteins 370 
taken up by lysosomes [52, 53]. The cathepsin L pathw y in the spleen and head 371 
kidney was significantly up-regulated in brackish water compared with that in 372 
freshwater, possibly due to the enhancement of phagocytosis in these two tissues. 373 
Briefly, all immunity related parameters of tilapia form the aspects of gene expression, 374 
histology and hematology have been altered under long-term hyperosmotic stress. In 375 
this study, growth performance and survival of tilapia under stress of salinity 16 were 376 
not  significant influenced by salinity stress, reflecting the importance of immune 377 
response in maintaining normal growth and survival for dealing with environmental 378 
stress for teleost. 379 
Conclusions 380 
Long-term hypersaline stress can induce splenomegaly, reduce coagulation function, 381 
enhance phagocytic activity and down-regulate the complement pathway in the 382 














performance and survival was detected. Long-term or intensive stress by ambient 384 
salinity can induce a more serious negative impact on immunity and may ultimately 385 
influence growth performance and survival. Therefore, the primary measure to cope 386 
with various ambient stress is to enhance the immune system function possibly by 387 
proper environmental management. 388 
Acknowledgement 389 
This research was supported by the Major State Basic Research Development 390 
Program of China (973 Program) (No. 2014CB138600), and the initial fund from 391 
Hainan University for R & D (KYQD(ZR)1736). 392 
References 393 
[1] Zapata A, Diez B, Cejalvo T, Gutiérrezde FC, Cortés , Ontogeny of the immune system of fish,394 
Fish. Shellfish Immunol. 20 (2) (2006) 126-36.395 
[2] Fishelson L, Cytomorphological alterations of the thymus, spleen, head-kidney, and liver in cardinal396 
fish (Apogonidae, Teleostei) as bioindicators of stress, J. Morphol. 267 (1) (2006) 57.397 
[3] Uribe C, Folch H, Enriquez R, Moran G, Innate and adaptive immunity in teleost fish: a review, Vet398 
Med. 56 (10) (2011) 486-503.399 
[4] Ellis EF, Smith RT, The role of the spleen in immunity, Pediatrics. 37 (1) (1966) 111-9.400 
[5] Wolber FM, Leonard E, Michael S, Orschelltraycoff CM, Yoder MC, Srour EF, Roles of spleen and401 
liver in development of the murine hematopoietic system, Exp Hematol. 30 (9) (2002) 1010-9.402 
[6] Suresh N, Effect of cadmium chloride on liver, spleen and kidney melano macrophage centres in403 
Tilapia mossambica, J. Environ. Biol. 30 (4) (2009) 505-8.404 
[7] S. Jiang, S.N. Zhao, Q.L. Zhu, S.S. Yuan, J.L. Zheng, Heat-induced oxidative stress and405 
inflammation involve in cadmium pollution history in the spleen of zebrafish, Fish. Shellfish406 
Immunol. 72 (1) (2018) 1-8.407 
[8] Milla S, Mathieu C, Wang N, Lambert S, Nadzialek S, Massart S, Henrotte E, Douxfils J, Mélard C,408 















cortisol in Eurasian perch, Perca fluviatilis, Fish. Shellfish Immunol. 28 (5–6) (2010) 931-41. 410 
[9] TellezBañuelos MC, Santerre A, CasasSolis J, BravoCuellar A, Zaitseva G, Oxidative stress in 411 
macrophages from spleen of Nile tilapia (Oreochromis niloticus) exposed to sublethal concentration 412 
of endosulfan, Fish. Shellfish Immunol. 27 (2) (2009) 105-11. 413 
[10] Chad Brocker DCT, Vasilis Vasiliou, The role of hyperosmotic stress in inflammation and disease, 414 
Biomol Concepts. 3 (4) (2012) 345-64. 415 
[11] Jiang IF, Kumar VB, Lee DN, Weng CF, Acute osmotic stress affects Tilapia (Oreochromis 416 
mossambicus) innate immune responses, Fish. Shellfish Immunol. 25 (6) (2008) 841-6. 417 
[12] Schmitz M, Ziv T, Admon A, Baekelandt S, Snm M, L'Hoir M, Kestemont P, Salinity stress, 418 
enhancing basal and induced immune responses in striped catfish Pangasianodon hypophthalmus 419 
(Sauvage), J. Proteomics. 167 (7) (2017) 12-24. 420 
[13] Ranzani Paiva MJT, Ishikawa CM, Eiras AAD, Felizardo NN, Haemotological analysis of 421 
'cachara' Pseudoplatystoma fasciatum in captivity, Acta Scientiarum. 28 (2000) 590. 422 
[14] Zarejabad AM, Jalali MA, Sudagar M, Pouralimotlagh S, Hematology of great sturgeon (Huso 423 
huso Linnaeus, 1758) juvenile exposed to brackish water environment, Fish. Physiol. Biochem. 36 424 
(3) (2010) 655-9. 425 
[15] L.W. Xu, J. Feng, Z.X. Guo, H.Z. Lin, G.X. Guo, Effect of salinity on hematology and gill Na+-K+ 426 
ATPase activity of juvenile cobia, Rachycentron canadum Linnaeus, Mar. Environ. Sci. 27 (6) 427 
(2008) 602-6. 428 
[16] Kavya KS, Jadesh M, Kulkarni RS, Hematology and serum biochemical changes in response to 429 
change in saline concentration in fresh water fish Notopterus notopterus, World Scientific News. 32 430 
(2016) 49-60. 431 
[17] Jarvis PL, Ballantyne JS, Metabolic responses to salinity acclimation in juvenile shortnose 432 
sturgeon Acipenser brevirostrum, Aquaculture. 219 (1–4) (2003) 891-909. 433 
[18] Schmitz M, Mandiki SN, Douxfils J, Ziv T, Admon A, Kestemont P, Synergic stress in striped 434 
catfish (Pangasianodon hypophthalmus, S.) exposed to chronic salinity and bacterial infection: 435 
Effects on kidney protein expression profile, J. Proteomics. 142 (2016) 91-101. 436 
[19] Chang PH, Plumb JA, Effects of Salinity on Streptococcus Infection of Nile Tilapia, Oreochromis 437 
niloticus, J. Appl. Aquacult. 6 (1) (1996) 39-45. 438 















body composition, muscle fatty acid composition, and tioxidant status of juvenile Nile tilapia 440 
Oreochromis niloticus (Linnaeus, 1758), J. Appl. Ichthyol. 32 (2) (2016) 372-4. 441 
[21] Bosisio F, Fernandes K, Barbieri E, Alterations i  the hematological parameters of Juvenile Nile 442 
Tilapia (Oreochromis niloticus) submitted to different salinities, Pan-Am. J. Aquat. Sci. 12 (2) 443 
(2017) 146-54. 444 
[22] Khallaf EA, Galal M, Authman M, The biology of Oreochromis niloticus in a polluted canal, 445 
Ecotoxicology. 12 (5) (2003) 405-16. 446 
[23] Seppanen E, Kuukka H, Voutilainen A, Huuskonen H, Peuhkuri N, Erratum: Metabolic depression 447 
and spleen and liver enlargement in juvenile Arctic harr Salvelinus alpinus exposed to chronic 448 
parasite infection, J. Fish Biol. 74 (2009) 553-561. 449 
[24] C.Y. Chen, C.B. Chao, Bowser PR, Infection of tilapia Oreochromis sp. by Vibrio vulnificus in 450 
freshwater and low salinity, environments, J World Aquacul Soc. 37 (1) (2006) 82–8. 451 
[25] Al-Marzouk A, Duremdez R, Yuasa K, Al-Zenki S,Al-Gharabally H, Munday B, Fish kill of 452 
mullet liza klunzingeri in kuwait bay: The role of Streptococcus agalactiae and the influence of 453 
temperature, Diseases in Asian Aquaculture V, Fish Health Section, Asian Fisheries Society, Manila. 454 
5 (2002) 143-153. 455 
[26] Lizama ML, Takemoto RM, Pavanelli GC, Parasitism influence on the hepato, splenosomatic and 456 
weight/length relation and relative condition factor of Prochilodus lineatus (Valenciennes, 1836) 457 
(Prochilodontidae) of the upper paraná river floodplain, Brazil Rev Bras Parasitol Vet. 15 (3) (2006) 458 
116-22. 459 
[27] Anderson DP, Siwicki AK, Basic haematology and serology for fish health programs, Diseases in 460 
Asian Aquaculture II, Fish Health Section, Asian Fisheries Society, Manila. (1995) 185. 461 
[28] Sandnes K, Lie, Waagbø R, Normal ranges of some blood chemistry parameters in adult farmed 462 
Atlantic salmon, Salmo salar, J Fish Biol. 32 (1) (1988) 129–36. 463 
[29] Ngugi CC, Oyoo-Okoth E, Mugo-Bundi J, Orina PS, Chemoiwa EJ, Aloo PA, Effects of dietary 464 
administration of stinging nettle (Urtica dioica) on the growth performance, biochemical, 465 
hematological and immunological parameters in juvenile and adult Victoria Labeo (Labeo 466 
victorianus) challenged with Aeromonas hydrophila, Fish. Shellfish Immunol. 44 (2) (2015) 533. 467 
[30] Oikonomopoulou K, Ricklin D, Ward PA, Lambris JD, Interactions between coagulation and 468 















[31] Toby Simon MD, Hematology: Basic Principles and Practice, Transfusion. 41 (9) (2001) 1722-3. 470 
[32] Walsh PN, Platelet coagulation-protein interactions, Semin Thromb Hemost. 30 (4) (2004) 461. 471 
[33] Schmitz M, Douxfils J, Mandiki SN, Morana C, Baekelandt S, Kestemont P, Chronic 472 
hyperosmotic stress interferes with immune homeostasis in striped catfish (Pangasianodon 473 
hypophthalmus, S.) and leads to excessive inflammatory response during bacterial infection, Fish. 474 
Shellfish Immunol. 55 (2016) 550-558. 475 
[34] Macchi GJ, Romano LA, Christiansen HE, Melanomacrophage centres in white mouth croaker 476 
Micropogoniasfuerney, as biological indicators of environmental changes, J Fish Biol. 40 (6) (2006) 477 
971-3. 478 
[35] Agius C, Roberts RJ, Effects of starvation on the melano-macrophage centres of fish, J Fish Biol. 479 
19 (2) (1981) 161-9. 480 
[36] Hur JW, Woo SR, Jo JH, Park IS, Effects of starvation on kidney melano-macrophage centre in 481 
olive flounder, Paralichthys olivaceus (Temminck and Schlegel), Aquaculture Res. 37 (8) (2006) 482 
821–5. 483 
[37] Herráez MP, Zapata AG, Structure and function of the melano-macrophage centres of the goldfish 484 
Carassius auratus, Vet Immunol Immunopathol. 12 (1-4) (1986) 117. 485 
[38] Meseguer J, López-Ruiz A, Esteban MA, Melano-macrophages of the seawater teleosts, sea bass 486 
(Dicentrarchus labrax) and gilthead seabream (Sparus aurata): morphology, formation and 487 
possible function, Cell Tissue Res. 277 (1) (1994) 1-10. 488 
[39] Palmer R, Soutar RH, Branson EJ, Southgate PJ, Drinan E, Richards RH, Collins RO. Mortalities 489 
in Atlantic salmon, Salmo salar L., associated with pathology of the melano-macrophage and 490 
haemopoietic systems. J Fish Dis. 15 (1992) 207-210. 491 
[40] Micale V, Perdichizzi F, A quantitative and histochemical study on melano-macrophage centres in 492 
the spleen of the teleost fish Diplodus annularis L, J Fish Biol. 37 (2) (1990) 191–7. 493 
[41] Agius C, Roberts RJ, Melano-macrophage centres and their role in fish pathology, J Fish Dis. 26 494 
(9) (2003) 499-509. 495 
[42] Smith WL, Dewitt DL, Garavito RM, Cyclooxygenases: structural, cellular, and molecular biology, 496 
Annu Rev Biochem. 69 (69) (2000) 145. 497 
[43] Bird S, Zou J, Wang T, Munday B, Cunningham C, Secombes CJ, Evolution of interleukin-1β, 498 















[44] Agius C, Agbede SA, An electron microscopical study on the genesis of lipofuscin, melanin and 500 
haemosiderin in the haemopoietic tissues of fish, J Fish Biol. 24 (4) (1984) 471-88. 501 
[45] Marc AM, Quentel C, Severe A, Bail PYL, Boeuf G, Changes in some endocrinological and 502 
non-specific immunological parameters during seawater exposure in the brown trout, J Fish Biol. 503 
46 (6) (1995) 1065-81. 504 
[46] Ainsworth AJ, Fish granulocytes: Morphology, distribution, and function, Annu Rev Fish Dise. 2 505 
(1992) 123-48. 506 
[47] Borregaard N, Neutrophils, from marrow to microbes, Immunity. 33 (5) (2010) 657. 507 
[48] Mollnes TE, Garred P, Bergseth G, Effect of time, temperature and anticoagulants on in vitro 508 
complement activation: consequences for collection and preservation of samples to be examined for 509 
complement activation, Clin Exp Immunol. 73 (3) (1988) 484-8. 510 
[49] Sims PJ, Wiedmer T, The response of human platelets to activated components of the complement 511 
system, Immunol Today. 12 (9) (1991) 338-42. 512 
[50] Kumar VB, Jiang IF, Yang HH, Weng CF, Effects of serum on phagocytic activity and proteomic 513 
analysis of tilapia (Oreochromis mossambicus) serum after acute osmotic stress, Fish. Shellfish 514 
Immunol. 26 (5) (2009) 760. 515 
[51] Cuesta A, Laiz-Carrión R, Río MPMD, Meseguer J, Mancera JM, Esteban MÁ, Salinity influences 516 
the humoral immune parameters of gilthead seabream (Sparus aurata L.), Fish. Shellfish Immunol. 517 
18 (3) (2005) 255. 518 
[52] Barrett AJ, Kirschke H, Fluorometric assays for cathepsin B and cathepsin H with methyl 519 
courmaryl amide substrates, Biochem J. 187 (1980) 909-912. 520 
[53] Ciechanover A, Intracellular protein degradation: from a vague idea through the lysosome and the 521 
ubiquitin-proteasome system and onto human diseases and drug targeting, Medicina. 70 (2) (2010) 522 















Figure legends 524 
Figure 1 525 
Effects of two ambient salinities (0 and 16‰) on hemocyte hematology in 526 
Nile tilapia Oreochromis niloticus. The values represent means ± SEM. The single 527 
asterisk (*) indicates a significant difference (P < 0.05), and “**” indicates an 528 
extremely significant difference (P <0.01). Zero represents the salinity of 0‰ and 16 529 
represent the salinity of 16‰. The values of WBC, RBC, HGB, HCT, MCV, MCH, 530 
MCHC and RDW are the means of 9 replicates. WBC, white blood cell count; RBC, 531 
red blood cell count; HGB, hemoglobin; HCT, hematocri ; MCV, mean corpuscular 532 
volume; MCH, mean corpuscular hemoglobin; MCHC, mean corpuscular 533 
hemoglobin concentration; RDW, red cell distribution width. 534 
Figure 2 535 
Effects of two ambient salinities (0 and 16‰) on plate et hematology in 536 
Nile tilapia Oreochromis niloticus. The values represent means ± SEM. The single 537 
asterisk (*) indicates a significant difference (P < 0.05), and “**” represent an 538 
extremely significant difference (P <0.01). Zero represents a salinity of 0‰ and 16 539 
represents the salinity of 16‰. Values of PLT, MPV and PDW are the means of 9 540 
replicates. PLT, platelet count; MPV, mean platelet volume; PDW, platelet 541 
distribution width; PCT, plateletcrit. 542 
Figure 3 543 
Transverse section of the spleen in Nile tilapia Oreochromis niloticus at 0‰  544 
(A and B) and 16‰ (C and D) with 200- and 50-µm scale bars. a, 545 
melano-macrophage 546 
centers. b, pigments of melanins. 547 















Transverse section of the head kidney in Nile tilapia Oreochromis niloticus at 0‰ (A 549 
and B) and 16‰ (C and D) with 200- and 50-µm scale bars. a, pigments of melanins. 550 
Figure 5 551 
Ultrastructural organization in the spleen of Nile t apia Oreochromis niloticus at 0‰ 552 
(A and B) and 16‰ (C and D) with transmission electron microscopy 553 
magnification × 3.0 k (A and C) and × 1.0 k (B and D). a, melano-macrophage; b, 554 
lymphocyte; c, erythrocyte. 555 
Figure 6 556 
Ultrastructural organization in the head kidney of Nile tilapia Oreochromis niloticus 557 
under 0‰ (A, B and C) and 16‰ (D, E and F) with transmission electron 558 
microscopy magnification × 3.0 k (A, B, D and E) and × 1.0 k (C and F). a, 559 
melano-macrophage; b, lymphocyte; c, neutrophils. 560 
Figure 7 561 
Heat map of significantly changed genes involved in sig ificantly changed immune 562 
system pathways in the spleen and head kidney under chronic salinity stress. 563 
Figure 8 564 
Pathway of complement and coagulation cascades. The green frames represent the 565 
down-regulated genes. The frames in both red and green indicated that these genes 566 
had more than one unigene; some of them were up-regulat d, while others were 567 



































































































































































Growth performance, survival and relative spleen weight of Nile tilapia in two environmental 




Initial weight 6.41 ± 0.09 6.41 ± 0.09 
Final weight 31.05 ± 0.41 29.04 ± 0.63 
Weight gain (%) 383.21 ± 6.89 353.69 ± 10.26 
Specific growth rate (%) 3.28 ± 0.03 3.15 ± 0.05 
Relative spleen weight (%) 0.24 ± 0.02 0.31 ± 0.02* 
Survival (%) 100 100 
“*” indicates significant difference (P < 0.05). 
The values of the weight gain and specific growth rate are the means of 3 replicates. 


















Significantly changed pathways (P < 0.05) in the spleen by transcriptomics analysis of Nile tilapia under chronic salinity stress 
 
Name of pathway Category Input number Background number P-value 
Complement and coagulation cascades  
 
Immune system 
36 105 0.001 
Antigen processing and presentation 24 163 0.001 
Natural killer cell-mediated cytotoxicity 15 185 0.003 
Intestinal immune network for IgA production 9 85 0.004 
Hematopoietic cell lineage 7 76 0.022 
Phenylalanine, tyrosine and tryptophan biosynthesis  
 
Amino acid metabolism 
4 12 0.002 
Tyrosine metabolism 6 40 0.004 
Phenylalanine metabolism 4 20 0.008 
Cysteine and methionine metabolism 6 58 0.025 
Tryptophan metabolism 5 54 0.049 
Methane metabolism Energy metabolism 5 40 0.017 
Carbon fixation in photosynthetic organisms 4 33 0.035 
Phagosome Transport and catabolism 31 285 0.001 
Cell adhesion molecules (CAMs) Signaling molecules and interaction 28 324 0.001 
Glycolysis/Gluconeogenesis Carbohydrate metabolism 8 87 0.015 
Fat digestion and absorption Digestive system 6 58 0.021 
Naphthalene degradation Xenobiotics biodegradation and 
metabolism 
2 5 0.021 
Isoquinoline alkaloid biosynthesis Biosynthesis of other secondary 
metabolites 
3 19 0.037 
Drug metabolism-cytochrome P450 Xenobiotics biodegradation and 
metabolism 
5 50 0.038 






















Significantly changed pathways (P < 0.05) in the head kidney by transcriptomics analysis of Nile tilapia under chronic salinity stress 
 
Name of pathways Category Input number Background number P-value 
Antigen processing and presentation Immune system 11 163 0.002 
Glycolysis/Gluconeogenesis  
Carbohydrate metabolism 
9 87 0.001 
Pyruvate metabolism 4 53 0.035 
Pentose phosphate pathway 3 34 0.046 
Cardiac muscle contraction Circulatory system 17 118 0.001 
Adrenergic signaling in cardiomyocytes 18 247 0.001 
Steroid hormone biosynthesis Lipid metabolism 8 56 0.001 
Cell adhesion molecules (CAMs) Signaling molecules and interaction 17 324 0.001 
Nicotinate and nicotinamide metabolism Metabolism of cofactors and vitamins 4 38 0.013 
Protein digestion and absorption Digestive system 9 175 0.019 
Ovarian steroidogenesis Endocrine system 5 73 0.027 
Biosynthesis of amino acids Global and overview maps 6 100 0.028 















1. Long-term hyperosmotic stress can induce splenomegaly and reduce coagulation 
function in Nile tilapia Oreochromis niloticus. 
2. Long-term hyperosmotic stress can enhance the deposition of pigment and the 
ability of phagocytic both in the spleen and the head kidney. 
3. Complement pathway showed significant down-regulation in the spleen under 
long-term hyperosmotic stress. 
4. The spleen is more sensitive organ for immune responses to chronic hyperosmotic 
stress than the head kidney. 
